Abstract-We compared differences in isometric strength between older adults who have undergone elective unilateral total hip arthroplasty (THA) and completed rehabilitation with a population of community-dwelling older adults who have not had THA. The study was a cross-sectional design, and 22 unilateral THA subjects and 38 community-dwelling older adults participated. THA subjects received on average 13 outpatient or home-based physical therapy sessions before evaluation. THA subjects were evaluated 4 to 5 months postsurgery. We assessed isometric muscle strength by measuring peak hip torque per body weight with a robotic dynamometer during abduction, flexion, and extension. No significant performance differences were observed between operated and nonoperated hips of THA subjects. THA subject operated and nonoperated hips generated significantly less peak torque per body weight during flexion (p = 0.03) compared with community-dwelling older adult hips (THA subject operated hips = 6.96 ft-lb/lb, THA subject nonoperated hips = 8.26 ft-lb/lb, communitydwelling older adult hips = 11.56 ft-lb/lb). No significant differences were observed between THA subjects and community-dwelling older adults during hip extension (p = 0.55) or abduction (p = 0.17). At 4 to 5 months postsurgery, THA subjects were not at the same level of biomechanical performance as community-dwelling older adults. Significant strength deficits were found in THA subject operated versus nonoperated hips during isometric flexion. Additional or modified physical therapy that targets the hip flexors is recommended after THA.
INTRODUCTION
Osteoarthritis (OA) accounts for more dependency in walking, stair climbing, and other lower-extremity tasks than any other disease [1] . The past decade has seen an increase in the number of total hip arthroplasties (THAs) being performed for advanced cases of OA that involve severe pain and functional limitations. Recent reports indicate that in 1999, 168,000 THAs were performed in the United States [2] . As the number of aging adults in the United States continues to increase, we can reasonably anticipate a corresponding growth in the number of THAs based on current demographics [3] and past trends.
Current knowledge of patient outcomes following THA and rehabilitation does not provide consistent data for assessing THA outcomes. Studies based on selfreport data indicate that THA successfully alleviates pain and improves function relative to presurgical levels [4] [5] [6] . However, studies based on objective performance-based measures indicate that despite postoperative improvements, THA subjects continue to exhibit deficits in strength [7] [8] [9] [10] , postural stability [2] , and gait [11] .
The ability to safely and independently walk, rise from a chair, or climb stairs contributes to independence and quality of life. Lower-extremity strength of the hip and knee is a significant predictor of the ability to perform these activities [1, [12] [13] . In a study examining the influence of hip and knee strength and hip power, Bean et al. found that isometric hip extensor strength was the strongest predictor of the amount of time that functionally impaired adults would require to complete five chair rises [12] . Isometric hip strength was also a significant predictor of timed stair climbing, balance, and habitual gait. Daubney and Culham examined lower-extremity muscle force and balance and found that isometric hip extensor strength was significantly lower in individuals who reported more falls [14] . Hip abductor weakness is also a major contributor to falls in older adults [15] , and the importance of hip abductor strength in maintaining balance during gait is well established [16] [17] [18] . Increased hip flexion moment is associated with increased total hip joint force during stair climbing [19] . The demand placed on the hip muscles during activities such as stair climbing, walking, or rising from a chair could be problematic given Reardon et al.'s findings of significant quadriceps muscle wasting and decreased concentric peak torque generation 5 months after THA [8] .
Previous studies have focused on comparing the performance of THA subject operated versus nonoperated hips as a means of evaluating surgical outcomes and prosthesis selection [9, [20] [21] . These studies report mixed results and, in several cases, lack statistical significance. Shih et al. reported a significant difference between operated and nonoperated hips in isometric flexion, extension, and abduction postoperatively at both 6 months and 1 year [7] . Long et al. found no significant difference between operated and nonoperated hip strength over a 2-year postoperative period [20] , whereas Borja et al. found a significant difference in isokinetic abduction but not isometric adduction between operated and nonoperated hips [9] .
We believe that differences between hip performance in THA subjects who have completed rehabilitation and community-dwelling older adults who have not undergone THA are more relevant for determining the effects of rehabilitation. Reardon et al. evaluated quadriceps strength of unilateral THA subjects using robotic dynamometry pre-and postoperatively at 5 months and compared these results with age-matched community-dwelling older adults (n = 12) [8] . Compared with preoperative conditions, THA subjects showed mild improvement in the nonoperated hip (concentric peak torque) yet no significant improvement in the operated hip, despite participation in physical therapy. Compared with communitydwelling older adults, patients in Reardon's study had significantly reduced quadriceps concentric peak torque (p < 0.008) but no difference in eccentric peak torque. Bertocci et al. evaluated isokinetic flexion, extension, and abduction performance in months 4 and 5 following surgery and compared THA subject performance with community-dwelling older adults [10] . THA subject operated versus nonoperated hips showed no significant differences in isokinetic performance for any of the examined variables; however, compared with community-dwelling older adults, THA subjects generated significantly less peak torque and work across all test conditions [10] .
Because the nature of strength deficits following THA is still unresolved and relatively few studies have compared strength deficits of THA subjects with community-dwelling older adults, we conducted this study to further examine deficits following THA and rehabilitation. We sought to examine differences in isometric strength between THA subject operated and nonoperated hips and compare isometric strength between THA subjects and community-dwelling older adults as a means of providing comparative data for therapists treating THA subjects.
METHODS

Subjects
Sixty individuals gave written informed consent to participate in this study in accordance with University of Pittsburgh Institutional Review Board procedures. THA subjects were identified and recruited through physician offices or physical therapy departments within the University of Pittsburgh Medical Center. Community-dwelling older adults were recruited with paid advertisements placed in a local newspaper. All subjects were between 55 and 75 years. Inclusion criteria specified individuals who did not use an ambulatory assistive device, reported no history of major cardiovascular events in the previous 6 months, and were not taking corticosteroids. In addition, blood pressure and heart rate of subjects were within normal ranges. Potential participants were excluded for a positive history of neurological disorder, stroke, or transient ischemic attack. Community-dwelling older adults reported no hip arthritis or discrete hip pathology. THA subjects had a diagnosis of OA as the primary cause for elective THA surgery and were excluded for a positive history of surgical complication (dislocation, prostheses infection, procedure-associated neuropathy, or revision arthroplasty).
Each subject participated in one test session. THA subjects participated between 4 and 5 months postsurgery. As indicated previously [10] , this time period was chosen for several reasons: (1) postoperative healing was significantly complete, (2) hip range of motion (ROM) precautions were typically relaxed by the orthopedic surgeon, (3) risk of dislocation was significantly reduced, (4) patients had resumed activities of daily living, and (5) patients were able to execute the tests included in the study protocol. We recruited 22 THA subjects and 38 communitydwelling older adults. The groups were similar in age, sex distribution, number of comorbidities, and domestic living status. The majority of subjects were Caucasian. The number of comorbidities for each group ranged from 1.4 to 2.0, excluding the presence of OA. Although surgical approach was not specified as an inclusion criterion, all THA subjects in this study had either a posterolateral or straight-lateral approach. THA subjects self-reported no discrete pathology of their contralateral hip.
Medical records revealed the average length of stay for surgery and acute care was 4 days for THA subjects. All but two THA subjects were discharged directly to an inpatient rehabilitation facility, where the average length of stay was 8 days. Following inpatient rehabilitation, THA subjects received an average of 13 sessions of outpatient or home-based physical therapy focused on increasing lower-extremity ROM and muscle strength and maximizing independence in performing mobility tasks and other activities of daily living. Therapeutic exercises were within the scope of standard outpatient physical therapy protocols for THA [22] [23] .
Isometric Testing
Isometric measurements were assessed with a Biodex System III Isokinetic Dynamometer version 3.03 (Biodex Medical Inc, Shirley, New York). Subjects were positioned on the dynamometer in a supine position for hip flexion and extension measurements and on their side for hip abduction measurement. Although hip precautions had been relaxed, we took a conservative approach and observed precautionary measures during testing; i.e., no hip flexion greater than 90°, no hip adduction past neutral, and no internal rotation past neutral. Subjects were properly positioned by a physical therapist before each test. To stabilize the body and minimize muscle compensation, we secured subjects to the platform with a 6 in.-wide foam-padded strap positioned above the iliac crests. The left and right hips were assessed in communitydwelling older adults, and the operated and nonoperated hips were assessed in THA subjects. The greater trochanter was used as the bony landmark for matching the hip joint axis of rotation with the center of rotation on the dynamometer arm. We obtained gravitational correction values before each test by measuring the torque exerted on the dynamometer arm by the weight of the limb. The measured gravity effect was automatically accounted for in the output from the Biodex Advantage software program. Calibration of the Biodex dynamometer was performed according to the specifications outlined in the manufacturer's service manual [24] .
Isometric strength data were collected over a 5 s maximal voluntary contraction during all tests. We assessed isometric peak torque per body weight for flexion, extension, and abduction to allow comparison between subjects. For hip flexion and extension, the hip was positioned at 45° of flexion, and for abduction, the hip was positioned at 20° of abduction. Selected hip placement positions were within the ROM for this age group and were in keeping with recommendations for isometric testing of the hip [25] . All subjects were able to accommodate this ROM without difficulty or adverse event. Subjects were provided with instructions prior to each test and encouraged to exert maximal effort during the test. Once instructed, subjects were permitted one practice trial. A waiting period of 1 min was observed between the practice trial and actual testing. No verbal encouragement was provided during testing.
Data Analysis
Parametric and nonparametric statistics were used for data analysis. We used paired t-tests to test for significant differences in isometric performance between THA subject operated and nonoperated hips because data were normally distributed and variances were homogenous. Isometric data of community-dwelling older adults were examined for bilateral differences between the right and left hip with the Wilcoxon signed rank test because data were not normally distributed and variances were nonhomogenous. Because no statistically significant difference was found, we calculated the average value of community-dwelling older adult right and left hips for subsequent use in between-group comparisons. We used nonparametric Mann-Whitney tests (U statistics) to compare THA subject and community-dwelling older adult hip performance because the groups were not equal in size and data were not normally distributed. An α level of 0.05 was set for all between-group comparisons. We estimated test-retest reliability of the dynamometer by calculating the intraclass correlation coefficient (ICC 3,1 ) for all hip biomechanical measures. Statistical analysis was performed with Statistical Package for the Social Sciences, version 11 (SPSS Inc., Chicago, Illinois).
RESULTS
Reliability
The ICC 3,1 for Biodex dynamometer measurements of peak torque per body weight during flexion, extension, and abduction ranged from 0.87 to 0.97. In general, reliability coefficients above 0.75 indicate good reliability [26] . Therefore, the Biodex dynamometer has been justified as an acceptable measurement tool for evaluating hip musculature performance when used according to our study protocol. Table 1 shows the comparison of select demographic characteristics for both groups. No significant differences were noted between groups in age, sex, race/ethnicity, and mean number of comorbidities. No subjects reported pain prior to, during, or after testing procedures.
Demographics
Isometric Performance
One THA subject was unable to complete an abduction test with his or her operated hip. On five occasions Biodex equipment or computer software problems were experienced. As a result, one or more isometric tests could not be completed (one of these occasions involved testing of a operated hip and four occasions involved testing of nonoperated hips), and data were not available for analysis. Resulting variations in sample sizes are indicated in the figures.
THA Subject Operated vs Nonoperated Hips
No significant difference was noted in isometric performance of THA subject operated versus nonoperated hips in either flexion (p = 0.23), extension (p = 0.87), or abduction (p = 0.99). Mean and confidence interval (CI) values are shown in Table 2 . THA subjects generated the highest values of peak torque per body weight during extension, followed by abduction and flexion.
THA Subject Operated vs Community-Dwelling Older Adult Hips
THA subject operated hips generated less peak torque per body weight during flexion, extension, and abduction compared with community-dwelling older adult hips. A significant difference was noted (p = 0.03) between flexion mean peak torque per body weight generated by THA subject operated hips (6.96 ft•lb/lb, CI: 4.89 to 9.03) and community-dwelling older adult hips (11.56 ft•lb/lb, CI: 9.17 to 13.96). Community-dwelling older adults generated 66 percent greater peak torque in flexion ( Table 2) 
THA Subject Nonoperated vs Community-Dwelling Older Adult Hips
Comparison of THA subject nonoperated hips with community-dwelling older adult hips yielded results similar to the comparison of THA subject operated hips and community-dwelling older adult hips. THA subject nonoperated hips generated less peak torque per body weight during all test conditions compared with communitydwelling older adult hips. A significant difference was seen only during performance of isometric flexion. In flexion, mean peak torque per body weight was 40 percent greater for community-dwelling older adult hips (11.56 
DISCUSSION
Few studies have investigated hip strength postrehabilitation for the purpose of comparing THA and rehabilitation outcomes with similarly aged communitydwelling adults. These findings are important because they indicate a substantial deficit in isometric strength in THA subjects compared with community-dwelling older adults at a time shortly after the subjects had completed rehabilitation. Despite patient self-reports of decreased pain and improved function relative to presurgical levels [27] [28] , our current and previous findings [10] and those of Reardon et al. [8] and others [29] suggest that compared with community-dwelling older adults, THA subjects continue to experience strength deficits. THA subjects' hip strength was only 60 percent of that generated by community-dwelling older adults in flexion and 87 percent and 84 percent of the strength generated by community-dwelling older adults in extension and abduction, respectively. In flexion, this difference was Table 1 . Demographic characteristics for total hip arthroplasty (THA) subjects (n = 22) and community-dwelling older adults (n = 38). Note: No significant differences in demographics between groups were present. * Comorbidities consisted of diabetes, cardiovascular disease (no history of major events within past 6 months per inclusion criteria), pulmonary disorder, gastrointestinal disorder, cancer, thyroid disorder, renal disorder, neurological disorder, psychiatric disorder, or other specified by subject. SD = standard deviation. significant, which indicates that at 4 to 5 months postsurgery, hip strength in THA subjects has not been restored to levels comparable with community-dwelling older adults. This study looked at subjects 4 to 5 months following THA surgery. At this time, surgical ROM restrictions are likely relaxed and postoperative rehabilitation complete. Until this time, hip adduction and internal rotation past neutral is generally restricted, as is hip flexion motion greater than 90°. If strength training had occurred for hip flexion, it would not have been conducted through a full ROM, which may have contributed to the decreases in flexor strength seen in this study. During rehabilitation, hip flexion is not as challenged as hip extension and abduction. Additionally, prescribed use of a cane postoperatively decreases both abductor and flexion moments about the operated hip [30] . This reduction in hip joint moments during postoperative gait may promote flexor and abductor muscle atrophy and associated decreases in strength. Thus, hip flexion may not be specifically targeted during postoperative strength or gait training, and patients may undergo disuse atrophy because of cane use and/or hip precautions. We should also note that strength testing was not performed before surgery. Therefore, we do not know if differences in hip flexion between groups were present prior to surgery and were caused by the OA that resulted in the THA.
Characteristic
Weakness of the hip flexors may contribute to difficulty during normal activities of daily living. Luepongsak et al. reported substantial hip flexion moments during walking, chair rising, stair descent, and trunk bending [31] . Shih et al. indicated that compared with the extensors and abductors, the flexors have the slowest recovery in the first year following THA [7] . Our findings and those of Shih et al. suggest that current rehabilitation protocols may not adequately restore hip flexor strength.
Isometric hip strength plays an important role in gait by contributing to trunk control and stability [16] [17] . In a study of 15 THA subjects who were an average of 23 months post-THA, Sicard-Rosenbaum et al. reported isometric muscle weakness of the quadriceps, abductors, and extensors as well as significantly decreased gait speed in THA subjects compared with age-and sex-matched control subjects [29] . Hip patients in Sicard-Rosenbaum et al.'s study not only exhibited significant decreases in gait speed compared with control subjects but also were unable to walk fast enough to cross an intersection safely [29] . Weak isometric hip abductor and extensor strength has been implicated as a major contributor of increased falls [14] , inability to safely rise from a chair, and difficulty ascending and descending stairs [12] . Normal stair climbing results in large hip flexion moments [19] and generates large hip loads.
We also found no significant difference in isometric performance between THA subject operated and nonoperated hips. This finding is consistent with isometric performance studies conducted by Borja et al. [9] and
Figure.
Mean peak torque per body weight (ft•lb/lb) for isometric (a) flexion, (b) extension, and (c) abduction for community-dwelling older adults (CDOAs) and both operated and nonoperated hips of total hip arthroplasty (THA) subjects. Error bars indicate 95% confidence interval for each data set. * Significant differences were noted between hip performance of CDOAs and both operated and nonoperated hip performance of subjects with THA (p = 0.03).
Trudelle-Jackson et al. [2] and with Long et al.'s [20] findings from strength data derived from force plate measurements. The data from these studies suggest that after THA, hip strength is equally poor in both hips at time periods ranging from 4 to 12 months postsurgery. We believe that this symmetrically poor performance may be a result of reduced mobility and functional limitations imposed by the operated hip, which lead to disuse atrophy and muscle weakness in the nonoperated hip before and after surgery. However, our findings differ from Shih et al.'s finding of significantly decreased isometric flexion in the operated versus nonoperated hip at 6 months and 1 year following THA [7] . This difference may be attributable to a combination of factors that differ between subjects in our study and those in Shih et al.'s study. For example, Shih et al.'s patients did not receive rehabilitation after THA, the subject age range was 24 to 71, and male subjects in his study received THA because of osteonecrosis associated with alcoholism.
Bertocci et al. previously reported significant deficits at 4 to 5 months postsurgery during isokinetic flexion, extension, and abduction in THA subjects compared with community-dwelling older adults [32] . Bertocci et al.'s study was based on a subset of our study's sample population. These two studies indicate that after completion of rehabilitation, THA subjects continue to exhibit deficits in both muscle strength and dynamic neuromuscular function. Isometric deficits appear to be greatest for the hip flexors, whereas isokinetic deficits are significant across all muscle groups. These findings, in part, support the rationale of Trudelle-Jackson et al. in providing a late-phase exercise intervention initiated 4 to 12 months after THA that emphasizes controlled weight-bearing and is aimed at improving postural stability. Weak dynamic strength in the hip abductors and extensors and, to a lesser extent, the hip flexors, contributes to postural instability in THA subjects [2] . Trudelle-Jackson et al. found that patients who received the late-phase exercise program showed significant improvement in postural stability and hip strength compared with THA subjects who participated in a program of basic isometric and active ROM exercises similar to those provided during the early stage of a typical rehabilitation protocol for THA.
A limitation of this study is that we did not evaluate functional status to determine if a direct link existed between isometric strength and functional tasks and activities of daily living performance. Although the evidence indicates that deficits exist in the short term following rehabilitation, a rigorous assessment of the effect of current rehabilitation protocols on physical functioning is needed to guide clinicians in developing more effective protocols that improve recovery and maximize long-term postoperative functioning. Another limitation of this study was that tests were not performed in random order. The same order of progression (flexion, extension, abduction) was used for all subjects, and fatigue may have had an effect on the relative ranking of strength across the various muscle groups. However, a significant difference in flexion was found despite it being the exercise performed first. In addition, each THA subject was tested on the operated hip first. This order could present an advantage to the nonoperated hip because of a learning affect. However, our findings did not reveal an advantage given that nonoperated hip performance was statistically equivalent to operated hip performance. Another factor that was not controlled for in this study was preoperative strength. This factor should be considered in future studies. Additionally, future studies could be strengthened by randomizing the order of testing and using age-and sex-matched control subjects.
CONCLUSIONS
OA of the hip results in reduced levels of patient activity over a prolonged period of time. Following surgical intervention and rehabilitation, patients report decreased pain and improved function relative to presurgical levels; however, isometric strength deficits persist and are significant in flexion compared with communitydwelling older adults. These deficits indicate that rehabilitation protocols are not restoring THA subjects to a level similar to community-dwelling older adults. These results can be used by clinicians and therapists to improve current rehabilitation protocols. and staff at Three Rivers Orthopedic Associates. We thank the Department of Veterans Affairs Pittsburgh Healthcare System Human Engineering Research Laboratory for the use of its laboratory and Biodex equipment. Fernando Aguel, MSBE, and Dongran Ha, PhD; are acknowledged for their assistance with testing.
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